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Two cores collected in 2001 and 2004 from Flanders Moss ombrotrophic peat bog in central Scotland were
dated (14C, 210Pb) and analysed (ICP-OES, ICP-MS) to derive and compare the historical atmospheric
deposition records of Sb and Pb over the past 2500 years. After correction, via Sc, for contributions from
soil dust, depositional ﬂuxes of Sb and Pb peaked from ca. 1920–1960 A.D., with 495% of the
anthropogenic inventories deposited post-1800 A.D. Over the past two centuries, trends in Sb and Pb
deposition have been broadly similar, with ﬂuctuations in the anthropogenic Sb/Pb ratio reﬂecting temporal
variations in the relative input from emission sources such as the mining and smelting of Pb ores (in which
Sb is commonly present, as at Leadhills/Wanlockhead in southern Scotland), combustion of coal (for which
the Sb/Pb ratio is approximately an order of magnitude greater than in Pb ores) and exhaust emissions (Pb
from leaded petrol) and abrasion products from the brake linings (Sb from heat-resistant Sb compounds) of
automobiles. The inﬂuence of leaded petrol has been most noticeable in recent decades, ﬁrstly through the
resultant minima in Sb/Pb and 206Pb/207Pb ratios (the latter arising from the use of less radiogenic
Australian Pb in alkylPb additives) and then, during its phasing out and the adoption of unleaded petrol,
complete by 2000 A.D., the subsequent increase in both Sb/Pb and 206Pb/207Pb ratios. The extent of the 20th
century maximum anthropogenic enrichment of Sb and Pb, relative to the natural Sc-normalised levels of the
Upper Continental Crust, was similar at B50- to 100-fold. Prior to 1800 A.D., the inﬂuence of metallurgical
activities on Sb and Pb concentrations in the peat cores during both the Mediaeval and Roman/pre-Roman
periods was discernible, small Sb and Pb peaks during the latter appearing attributable, on the basis of Pb
isotopic composition, to the mining/smelting of Pb ores indigenous to Britain.
Introduction
In recent years ombrotrophic peat bogs have been used to
study the changing rates and sources of atmospheric metal
deposition as they receive all their nutrient, pollutant and water
inputs solely by dry and wet deposition from the atmosphere.
Cores from such bogs have proved especially useful as archives
of atmospheric Pb deposition as Pb is essentially immobile in
ombrotrophic peat.1–3 Considerable research has been carried
out using ombrotrophic peat bogs as well as other archives to
characterize historical trends in the extent and sources of
environmental Pb pollution,3–18 including previous work on
the Flanders Moss site under investigation in the study re-
ported here.1,19,20 In contrast, there have been only a few
studies of Sb in ombrotrophic peat bogs,21–24 although simila-
rities with the distribution of Pb, even back to Roman
times,21,24 have suggested that Sb too is essentially immobile
in ombrotrophic peat. In a recent study24 of Swiss peat
extending back to 12 370 14C y BP, the lowest ‘‘background’’
values of Sb occurred in peat dating from 8030 to 5320 14C y
BP. A comparison with those in recent peat samples suggested
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that the natural levels of Sb in the atmospheric environment
have previously been overestimated by a factor of ten and that
the global atmospheric Sb cycle may have been aﬀected to at
least the same extent as that of Pb. In view of the comparable
toxicity of Sb to that of Pb, Shotyk et al.24,25 have suggested
that the potential threat of environmental Sb to human health
may have been overlooked.
As Sb is a chalcophilic trace element and is found in
practically all sulﬁde minerals (including galena and other Pb
minerals) and coals,24,25 it might be expected that anthropo-
genic Sb deposition from the atmosphere has closely followed
that of the Pb emanating from mining/smelting and coal
combustion emissions in the past. During the second half of
the 20th century, however, there were signiﬁcant emissions of
Pb to the atmosphere from vehicle exhausts as a consequence
of the use of anti-knock alkylPb additives in petrol. As a result
of reductions in the maximum permitted concentration of lead
in petrol and the introduction of unleaded petrol in 1986,
however, such emissions in the UK declined from a maximum
of ca. 8500 tonnes Pb in 1973 essentially to zero at the time of
the outright ban in 2000.26 During the 20th century and the
early years of the 21st century, such changes in Pb source have
been reﬂected in variations in the isotopic composition (e.g.
206Pb/207Pb) of atmospheric27,28 and deposited3–20 Pb. Mean-
while, especially in recent years, the uses (and potential re-
leases) of Sb compounds have expanded to include Sb2S3 as a
lubricant in automobile brake linings and Sb2O3 as a ﬁre
retardant in plastics etc.25
The aim of this study was therefore to investigate the extent
and nature of past and present relationships between Sb and
Pb emissions to the environment by comparing trends in new
age-dated proﬁles of Sb and Pb concentrations and Pb isotopic
composition in cores from Flanders Moss ombrotrophic peat
bog in central Scotland.
Materials and methods
Sampling site
Two peat cores were collected from the southwest dome of
Flanders Moss ombrotrophic peat bog, which lies 16 km to the
west of Stirling in central Scotland (Fig. 1). The largest
remaining lowland ombrotrophic peat bog in Britain with
548 ha of active bog, Flanders Moss was formed on top of
Carse clay deposits after the Menteith glacier melted over
11 000 years ago. Vegetation is currently dominated by Sphag-
num mosses, lichens, heather, fens and grasses with some
scattered birch.29,30
Sample collection
A 106 cm long peat core (01CM-1) of cross-sectional dimen-
sions 5 cm  5 cm was collected in September 2001 using a
Cuttle and Malcolm corer,31 which was pushed vertically into
the bog after B7 cm of grassy vegetation was ﬁrst removed
with a knife to enable penetration of the corer. A 33 cm long
monolith peat core (04-1-M) of cross-sectional dimensions 20
cm  10 cm, was collected in October 2004 using a monolith
tin, which was inserted into the vertical face of a freshly dug
pit. Cores 01CM-1 and 04-1-M were cut into 1 cm and 3 cm
sections, respectively, in the ﬁeld using a serrated stainless steel
knife and sections were packed into polyethylene bags and
transported to the laboratory.
Sample preparation
The wet peat sections were weighed, air-dried at 30 1C forB30
days on drying trays, re-weighed and then ground using a
mortar and pestle. The remaining moisture content of each air-
dried peat section was determined on sub-samples by oven-
drying at 105 1C and the residual ash content was estimated by
weighing air-dried sub-samples (subsequently corrected for
moisture content) before and after ashing at 450 1C for
4 hours. Sub-samples (B0.25 g) of air-dried peat (subsequently
corrected for moisture content) were digested using a modi-
ﬁed US EPA Method 3052 Protocol microwave-assisted
HF–HNO3 digestion method.
32,33 Digests were evaporated to
1 ml on a hotplate and then made up to 25 ml with 2% (v/v)
HNO3. All reagents used in sample preparation were of the
highest analytical quality available, i.e. Aristar HNO3 (69%)
and HF (48%) and high purity water (18.2 MO cm) from a
Milli-Ro water system (Millipore, Watford, UK).
Sample analysis
With the exception of the highest Pb concentrations (01CM-1,
0–33 cm; 04-1-M, 0–33 cm), which were measured using ICP-
OES, Sb, Pb and Sc concentrations were determined in the
prepared 2% v/v HNO3 solutions using ICP-MS. ICP-OES
measurements of concentration were carried out once on
duplicate sectional samples from 01CM-1 using a Thermo
Jarrell Ash IRIS instrument (Thermo Electron, Cambridge,
Fig. 1 Location and map of Flanders Moss, showing the sampling site on the southwest dome.
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UK), equipped with a cross-ﬂow nebuliser and autosampler.
For single sectional samples from 04-1-M, ICP-OES measure-
ments were carried out once, using a Perkin Elmer Optima
5300 DV instrument (Perkin Elmer, Beaconsﬁeld, UK)
equipped with a gem-cone cross-ﬂow nebuliser and AS 93 plus
autosampler. ICP-MS measurements of concentration were
carried out once on single sectional samples from both cores
using a PlasmaQuad (PQ) 3 instrument (Thermo Electron,
Winsford, UK), equipped with a Meinhard nebuliser, nickel
sampler and skimmer cones, Gilson autosampler and a Gilson
Minipuls 3 peristaltic pump (Anachem, Luton, UK). Calibra-
tion solutions were prepared daily by adequate dilution of the
relevant standard solutions containing 10 mg l1 of the element
of interest. Overall analytical precision (1 RSD) for Pb
determination in duplicate samples by ICP-OES was 5%,
while analytical precision for ICP-MS determination of Sb, Pb
and Sc in single samples was r8%.
For the determination of Pb isotopic ratios by ICP-MS, a
solution of the National Institute of Standards and Technology
(NIST) common Pb isotopic reference standard SRM 981
(206Pb/207Pb = 1.093, 208Pb/206Pb = 2.168, 208Pb/207Pb =
2.370) was used for calibration and mass bias correction.27
Analytical precision on these ratios was typically o0.3%.
In addition to the above, a sample of galena (PbS) from
Wanlockhead lead mines, southern Scotland, was also ana-
lysed for Sb, Pb and 206Pb/207Pb following HNO3–HF hot
plate digestion ofB0.1 g sub-samples. Sb concentrations were
also determined in a selection of British coal samples (n = 19)
that had previously been analysed for both Pb concentration
and isotopic composition.34
To ensure the quality of analytical procedures and data, six
diﬀerent reference materials were analysed along with the
samples: Ombrotrophic Peat (NIMT/UOE/FM001),32 Cana-
dian Peat (1878 P),35 Bush Branches and Leaves (DC73349),
Peach Leaves (GBW 08501), Coal (BCR CRM No. 4) and
Coal (NBS SRM 1635). Good agreement between measured
and certiﬁed values was obtained (Table 1). The isotope ratios
206Pb/207Pb, 208Pb/206Pb and 208Pb/207Pb determined in the
ombrotrophic peat reference material as 1.176  0.002, 2.091
 0.004 and 2.460  0.006, respectively, (n= 58, 1 SD) were
in good agreement with corresponding ‘‘information only’’
values of 1.176  0.001, 2.092  0.002 and 2.461  0.003.32
Age dating
210Pb. Analyses for 210Pb, 226Ra and 137Cs were performed
by gamma spectrometry using low-background, planar High
Purity Ge gamma photon detectors, with a Canberra detector
being used for a sister core 01CM-2, collected at the same time
as 01CM-1, and an EG&G Ortec detector for core 04-1-M.
Sample weights varied depending upon the quantity of material
available for analysis. For core 01CM-2, sample weights in the
range 1 to 2 g of dried, ground material were used. The samples
were accurately weighed into polycarbonate containers, which
were then sealed and stored for a minimum of three weeks
before analysis in order to allow 222Rn to come to radioactive
equilibrium with 226Ra. The sample containers were positioned
in a holder, which ensured reproducible geometry, on the end
face of the detector for analysis. For core 04-1-M, sample
weights of 10, 15 or 20 g were used and, in this case, samples
were compressed into discs, using a 12 tonne hydraulic press, to
give uniform counting geometries. The discs were then sealed in
polycarbonate containers for analysis, as above. Detection
eﬃciencies were determined for each counting geometry using
standards prepared by spiking appropriate weights of peat,
which had non-detectable activities of the nuclides of interest,
with known activities of 210Pb, 226Ra and 137Cs using certiﬁed
standard solutions (Amersham plc). The standards were then
prepared in the same geometry as the samples.
The constant rate of supply (CRS) model37 was applied to
210Pb inventories (total 2.53  0.05 kBq m2) calculated from
the unsupported 210Pb data (Fig. 2) to generate age dates for
sections in 04-1-M. In the case of the 01CM-1 core, 210Pb dates
were obtained by extrapolation, aided by matching of
206Pb/207Pb proﬁles, from data from the sister core, 01CM-2,
collected on the same date.20
14C. Humic acid fractions from seven peat sections (38–40,
48–50, 56–57, 76–77, 85–86, 91–93 and 94–96 cm) from core
01CM-1 were obtained using a standard acid–base–acid pre-
treatment procedure38 and radiocarbon dated by accelerator
mass spectrometry (AMS). The humic acid samples were ﬁrstly
combusted at 850 1C in sealed quartz tubes containing copper
oxide as the oxidant and a small quantity of silver foil to
remove halides. The CO2 was then puriﬁed by cryogenic
pumping and a 2 ml sub-sample converted to graphite by Fe/
Zn reduction and analysed for 14C at the SUERC AMS facility
(NEC 5 MV terminal voltage instrument) operated at 4.5 MV
and with carbon in the 4+ charge state. A further sub-sample
of the CO2 was used for d
13C analysis using a VG Sira 10
isotope ratio mass spectrometer. The d13C values were used to
correct the measured 14C/13C ratios for isotopic fractionation
prior to radiocarbon age determinations. The radiocarbon ages
were subsequently calibrated to calendar age ranges using the
Oxford Radiocarbon Accelerator Unit calibration program
(OxCal 3).
Table 1 Mean Pb, Sb and Sc concentrations in six certiﬁed reference materials
Material
Measured Pb
concentration/
mg kg1
Certiﬁed Pb
concentration/
mg kg1
Measured Sb
concentration/
mg kg1
Certiﬁed Sb
concentration/
mg kg1
Measured Sc
concentration/
mg kg1
Certiﬁed Sc
concentration/
mg kg1
(1 SD) (1 SD) (1 SD)
Ombrotrophic Peat 173  11 174  8 2.30  0.33 — 0.82  0.15 —
(NIMT/UOE/FM001) (n = 67) (n = 59) (n = 59)
Canadian Peat 70.9  4.7 78.8  2.9 0.33  0.07 0.34  0.05b 0.83  0.04 1.04a
(1878 P) (n = 10) (n = 11) (n = 11)
Bush Branches and 44  3 47  3 0.100  0.009 0.095  0.014 0.30  0.02 0.32  0.04
Leaves (DC73349) (n = 14) (n = 13) (n = 11)
Peach Leaves 0.99  0.10 0.99  0.08 — — — —
(GBW 08501) (n = 10)
Coal 23.0  2.0 24.2  1.7 4.24  0.19 — 5.56  0.36 6.25  0.52a
(BCR CRM No. 40) (n = 5) (n = 5) (n = 5)
Coal 2.0  0.2 1.9  0.2 0.14  0.01 0.14a 0.65  0.06 0.63a
(NBS SRM 1635) (n = 5) (n = 5) (n = 5)
a Information only values. b Information only value for Sb,35 but additional information only value of 0.305  0.018 mg kg1 was determined by
Q-ICP-MS.36
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Results
01CM-1
0–33 cm (Fig. 3). Sb and Pb concentrations (Fig. 3) increased
from 0.10 and 4.4 mg kg1 at 32–33 cm to maximum values of
4.2 mg kg1 and 264 mg kg1, respectively, at a depth of 8.5
cm, which was dated at 1948  10 A.D. Above these peaks,
concentrations of Sb and Pb decreased gradually towards the
top of the core, which in this case did not equate to the surface
of the bog and 2001 A.D. because of the loss of some material
during core collection.20 The 206Pb/207Pb ratios remained con-
stant at a mean value of 1.173  0.002 from 33 cm to 12 cm
(1928  11 A.D.), above which they declined steeply to a
constant value of B1.134 from 3.5 cm (1976  7 A.D.)
upwards. The Sc concentrations, averaging 0.21  0.01 mg
kg1 from 33 to 30 cm, increased less markedly than those of
Sb and Pb but did exhibit a distinct concentration peak of 1.76
mg kg1 at 9–10 cm, i.e. 1 cm below the Sb and Pb maxima,
with a smaller peak of 1.27 mg kg1 at 4–5 cm.
33–106 cm (Fig. 3). The concentrations of Sb and Pb were
much lower than those in the uppermost 0–33 cm of the core,
never exceeding 0.10 and 4.6 mg kg1, respectively. Several
distinct zones were apparent for Sb: a region of minimum
concentrations (mean 0.016 0.004 mg kg1) from 86 cm to 53
cm, corresponding to 20–220 A.D. to ca. 430–640 A.D., above
which Sb increased steadily to 0.10 mg kg1 by 33 cm and
below which from 86 cm to 96 cm there was a pronounced peak
with a maximum concentration of 0.072 mg kg1 at 92–93 cm,
corresponding to ca. 210–40 B.C. Distinct zones were also
apparent for Pb: a region of minimum concentrations (mean
1.05  0.16 mg kg1) from 71 to 53 cm, above which Pb
increased to 2.5  0.3 mg kg1 by 40 cm (660–830 A.D.) to 33
cm and below which from 71 to 102 cm there was a pro-
nounced peak with a maximum concentration of 4.63 mg kg1
at 90–91 cm. The 206Pb/207Pb ratio in the zone of minimum Pb
concentration (53–71 cm) averaged 1.164  0.006, with corre-
sponding means of 1.168  0.004 in the zone above (33–53 cm)
and 1.176  0.003 over the zone (71–102 cm) containing the Pb
peak below. Sc concentrations averaged 0.16  0.08 mg kg1
from 33 to 106 cm, never exceeding 0.45 mg kg1, but with
some minor peaks at 68–70 cm and 84–88 cm and a zone of
Fig. 3 Proﬁles of Sb, Pb and Sc concentrations and 206Pb/207Pb ratio from 0–33 cm and 33–106 cm in the 210Pb- and 14C-dated Flanders Moss core
01CM-1.
Fig. 2 210Pb speciﬁc activity proﬁle in Flanders Moss core 04-1-M.
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minimum concentration (mean 0.07  0.01 mg kg1) from
52 to 62 cm.
04-1-M (Fig. 4)
Sb and Pb concentrations increased from 0.12 and 18 mg kg1 at
30–33 cm to maximum values of 3.7 mg kg1 and 193 mg kg1,
respectively, at 12–15 cm, which was dated at 1943–1968 A.D.,
the section mid-point of 13.5 cm corresponding to 1955  3
A.D. Above these peaks, concentrations of Sb and Pb decreased
towards the top of the core to concentrations of 0.50 mg kg1
and 15 mg kg1 in the 0–3 cm section, which was dated at 1997–
2004 A.D. The 206Pb/207Pb ratios remained constant at a mean
value of 1.175  0.002 from 30 to 18 cm (1910  8 A.D.) and
then declined to 1.170  0.001 at 15–18 cm, which was dated at
1910–1943 A.D., the section mid-point of 16.5 cm correspond-
ing to 1926  6 A.D. Above 15 cm, the 206Pb/207Pb ratio
declined to a minimum of 1.130  0.002 at 6–9 cm (1982–
1990 A.D., with mid-point of 7.5 cm at 1986  2 A.D.) before
increasing to 1.139  0.002 at 0–3 cm (1997–2004 A.D.). This
reversal in the 206Pb/207Pb ratio was absent from the top of the
01CM-1 core because of the loss of some surface material during
core collection.20 The Sc concentrations, averaging 0.20  0.03
mg kg1 from 33 to 24 cm, increased less markedly than those of
Sb and Pb, as also seen in the 01CM-1 core, reaching a
maximum of 1.6 mg kg1 at 12–15 cm, above which values
declined to 0.21 mg kg1 in the surface 0–3 cm section.
Coal and Pb ore
In 19 samples of British coal that had been previously analysed
for Pb and 206Pb/207Pb,34 Sb concentrations ranged from 0.07
to 4.6 mg kg1 (mean 0.75  1.02 mg kg1, median 0.49 mg
kg1), with a mean Sb/Pb ratio of 0.036  0.032 (median
0.027). For all the British coals (n = 60) previously investi-
gated, the mean 206Pb/207Pb ratio was 1.182  0.009 (Scottish,
1.181  0.006, n= 30), with average Pb concentrations of 23.9
mg kg1 and 11.0 mg kg1 for coals from Scotland and
England & Wales, respectively.34 In the Pb ore sample from
Wanlockhead, the Sb/Pb ratio was 0.0056  0.0004, approxi-
mately one order of magnitude lower than in coal. The
measured 206Pb/207Pb ratio in the Pb ore was 1.172  0.003,
in agreement with the value of 1.170  0.003 found for Lead-
hills/Wanlockhead Pb ore.39–41
Discussion
The use of Sc as an indicator of soil dust input of Sb and Pb
Conservative lithogenic elements such as Al, Ti, Sc and Zr have
at times been taken to indicate variations in the atmospheric
deposition of soil dust to peat bogs.23,42 In contrast to the other
conservative elements, Sc is especially favoured as it exhibits no
preference for speciﬁc mineral phases and thus tends to be
uniformly distributed throughout the environment. The aim is
to enable distinction between anthropogenic inputs (for exam-
ple from mining, smelting, coal burning and vehicle emissions)
of heavy metals (e.g. Sb, Pb) and natural, sometimes climate-
related, inputs via wind-entrained soil dust.23,42 There can of
course also be human-related impacts upon soil dust input, for
example arising from the clearance of land for agricultural
purposes. Although there can sometimes be speciﬁc-element-
related problems with this approach,43 the use of metal/Sc
concentration ratios, such as Sb/Sc and Pb/Sc here, in peat
proﬁles can be of assistance in estimating the extent of Sb and
Pb contributions from sources that are unrelated to direct
anthropogenic inputs to the observed variations in the Sb
and Pb concentration proﬁles. The lowest Sb/Sc and Pb/Sc
ratios in the 01CM-1 core occurred over the depth region
67–75 cm, with mean values of 0.066  0.016 and 5.3  2.5,
respectively, close to the corresponding ratios of 0.044 and 2.43
for the Earth’s Upper Continental Crust (UCC).44 It is most
unlikely, however, that Sb and Pb concentrations are unaf-
fected by anthropogenic inputs of these metals at any depth
over the ca. 2500 years represented by 01CM-1. In Switzerland,
Shotyk et al.24 found the lowest Sb (0.008  0.003 mg kg1)
and Pb (0.23  0.04 mg kg1) concentrations (a factor of 2–5
lower than those in the zones of minimum Sb and Pb concen-
trations in Flanders Moss 01CM-1) in peats dating from 5320
to 8020 14C y BP, with corresponding Sb/Sc, Pb/Sc and Sb/Pb
ratios of 0.105, 3.0 and 0.035  0.014, respectively. For the
UCC, the corresponding Sb/Sc, Pb/Sc and Sb/Pb ratios of
0.044, 2.43 and 0.018 demonstrate the variability that can
occur in such ratios of natural elemental concentrations.
Pre-Roman and Roman atmospheric Sb and Pb sources and
deposition
In 01CM-1, it seems very likely that the elevated Sb/Sc (mean
0.29  0.05) and Pb/Sc (mean 19.8  6.1) ratios (Fig. 5)
associated with the elevated Sb and Pb concentrations (Fig.
3) from 96–86 cm, dated at 210–40 B.C. to 20–220 A.D., can be
attributed to pre-Roman and Roman metallurgical activities.
The Roman Pb mining industry is well documented45,46 but, as
the Romans did not occupy Britain until 43 A.D., these
elevations in metal concentrations from 210 B.C. predate the
Roman occupation by two centuries, suggesting the existence
of a pre-Roman Pb extraction industry in the UK.17,47 Indeed,
despite lower Sb and Pb concentrations over the earlier 96–102
cm depth interval, the corresponding Sb/Sc and Pb/Sc ratios
were also enhanced at 0.19  0.05 and 20.5  4.1. In the UK,
evidence has been found for the addition of Pb in varying
amounts to mixtures of Cu and Sn during the late Bronze Age
(ca. 900–500 B.C.) as a new technique to make bronze that
ﬂowed more freely during the casting process48 and the mines
of Alderley Edge in Cheshire, west-central England, are be-
lieved to have been worked mainly for Cu from the early
Bronze Age (ca. 2000 B.C.) and possibly Pb by the late Bronze
Age.45,46 Iron working was also introduced ca. 500 B.C. and
was well established before the arrival of the Romans.48
Fig. 4 Proﬁles of Sb, Pb and Sc concentrations and 206Pb/207Pb ratio in the 210Pb-dated Flanders Moss core 04-1-M.
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Copper and Fe metallurgy are also sources of Sb and Pb to the
environment given the association of Sb and Pb with sulﬁde
minerals.25 Later, the Mendip Pb mines in southwest England
were worked by 49 A.D.,45,46 only 6 years after the Roman
conquest, further suggesting the prior existence of a local
mining industry before the arrival of the Romans. The Pb
deposits of northeast Wales were worked by the late 1st
century A.D. as were those of Derbyshire, central England,
by 117–138 A.D.45,46 In Swiss peat cores from Etang de la
Grue`re, Shotyk et al.24,25 have found enrichments of Sb in
association with those of Pb at ca. 2000 14C y BP and have
attributed the latter to ancient Pb mining and long-range
transport of aerosols from the Iberian Peninsula during the
period of greatest Roman mining.6
When Pb isotope ratios of the 01CM-01 peat samples for the
210–40 B.C. to 20–220 A.D. period are plotted along with
those of various Pb ores (Fig. 6), they are in much better
agreement with those of British origin than with those from the
major Spanish mines of Rio Tinto and Murcia,49 which were
widely exploited during the Iron Age and Roman times (ca. 200
B.C.–400 A.D.).45 This supports the ﬁnding by Le Roux
et al.,17 based on research on Lindow Bog in NW England,
that Pb contamination in Britain during this period resulted
primarily from the mining and smelting of British ores.
From 86 to 76 cm, i.e. corresponding to 20–220 A.D. to 120–
260 A.D., Pb concentrations (Fig. 3) and Pb/Sc ratios (mean
17.4  5.2) (Fig. 5) were still elevated, but those of Sb and Sb/
Sc (mean 0.11 0.04) much less so. The mean 206Pb/207Pb ratio
of 1.175  0.003, however, was very similar to those for 86–96
cm (1.177  0.003) and 96–102 cm (1.173  0.003) and indeed
for 71–102 cm (1.176  0.003). While it is possible to estimate
the soil dust Pb contribution (mean of 0.38  0.15 mg kg1
over 71–102 cm), and by diﬀerence the anthropogenic Pb
contribution, to the total Pb concentration via the use of the
Pb/Sc ratios in peat and the UCC, it is not possible to do
likewise for the 206Pb/207Pb ratio of the speciﬁcally anthropo-
genic Pb, as the Pb isotopic composition of the soil dust Pb is
unknown.
Over the various depth intervals from 71 to 102 cm, the mean
measured Sb/Pb ratios were 0.013  0.003 (71–76 cm), 0.006 
0.002 (76–86 cm), 0.013  0.005 (86–96 cm) and 0.010  0.001
(96–102 cm), with an overall average (71–102 cm) of 0.010 
0.004. The soil dust contribution of Sb can be estimated in
similar fashion to that of Pb, enabling calculation of the
anthropogenic contribution to both Sb and Pb. The correspond-
ing calculated mean anthropogenic Sb/Pb ratios were 0.010 
0.004 (71–76 cm), 0.004  0.002 (76–86 cm), 0.012  0.006 (86–
96 cm) and 0.009  0.001 (96–102 cm), with an overall average
of 0.008  0.005. This is similar to the value of 0.0056  0.0004
obtained for the Sb/Pb ratio in the Pb ore sample from
Wanlockhead, southern Scotland, and in general is in line with
the o0.8% Sb content in the galena (PbS) of Pb ores.25
Fig. 5 Proﬁles of Sb/Sc, Pb/Sc and anthropogenic Sb/Pb ratios from 0–33 cm and 33–106 cm in the 210Pb- and 14C-dated Flanders Moss core 01CM-1.
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Post-Roman and Mediaeval atmospheric Sb and Pb sources and
deposition
Sb and Pb concentrations (Fig. 3) and the corresponding Sb/Sc
(0.15  0.07; 53–71 cm) and Pb/Sc (10.5  5.6; 53–71 cm)
ratios, with a calculated mean anthropogenic Sb/Pb ratio of
0.013  0.004 (excluding the single outlier peak of 0.048 at 66–
67 cm), were at their lowest towards the end of (ca. 410 A.D.)
and after the Roman occupation of Britain until ca. 650 A.D.
(Fig. 5). Thereafter, to 33 cm, Sb concentrations rose more
rapidly than those of Pb (Fig. 3), reﬂected in a mean Sb/Sc
ratio of 0.29  0.009 compared with a value of 11.5  3.4 for
Pb/Sc from 53 to 33 cm (Fig. 5). The corresponding mean
anthropogenic Sb/Pb ratio was also higher, averaging 0.028 
0.009 (excluding the single outlier peak of 0.061 at 48–49 cm).
The mean 206Pb/207Pb ratio for the period was 1.168  0.004,
compared with a value of 1.164  0.006 from 53 to 71 cm. It is
interesting to speculate that these less radiogenic values could
reﬂect deposition of Pb from Rio Tinto, at least to the early
Middle Ages (cf. 840 A.D. in Monna et al.,50 corresponding to
B38 cm in 01CM-1), although such low values of 206Pb/207Pb
were not observed in Lindow Bog, NW England. The higher
anthropogenic Sb/Pb ratios, which indeed averaged 0.032 
0.008 from 41 to 33 cm, could reﬂect inﬂuences from con-
tinental Europe perhaps due to the developing Ag industry
associated with the well known Mediaeval German Ag mining
district in the Harz, which brought about the revival of mining
in Europe by the 11th century.51 A modiﬁed method of
cupellation involving the melting of Cu ores with Pb to recover
Ag was introduced in the mid-15th century and by ca. 1500
A.D. both this and the Pb mining and smelting industry were
prominent in Europe.45,46 It is interesting to note that Kla-
minder et al.13 found 206Pb/207Pb minima of B1.155–1.17 in
peat sections dated at ca. 1500 A.D. from Dumme Mosse and
Tranero¨d Mosse in southern Sweden, close to the height of
Mediaeval metal production in Europe.51
Industrial and post-industrial atmospheric Sb and Pb sources and
deposition
Above 33 cm in 01CM-1, a depth for which no age-date is
available, both Sb and Pb concentrations (Fig. 3) and the
corresponding Sb/Sc (0.67  0.15; 33-23 cm) and Pb/Sc (42 
12) ratios increased to a depth of 23 cm (Fig. 5). The corre-
sponding anthropogenic Sb/Pb ratio was lower than from 53 to
33 cm, however, averaging 0.017  0.004, while the 206Pb/207Pb
ratio was fairly constant at 1.173  0.002. It seems signiﬁcant
that the indigenous Scottish Pb mining industry developed
during the 17th century52 at Leadhills and Wanlockhead as
emissions from there would have had the eﬀect of increasing
atmospheric Sb and Pb concentrations, while lowering the
anthropogenic Sb/Pb ratio from its former higher value in
Mediaeval times. Furthermore, the 206Pb/207Pb ratio of Pb ore
from Leadhills and Wanlockhead is 1.170  0.003,39–41 similar
to the value of 1.173  0.002 observed from 33 to 23 cm in
01CM-1 at Flanders Moss.
The depth of 23 cm in 01CM-1, based on a match of
206Pb/207Pb values and associated 210Pb dates in the overlying
upper regions of 01CM-1 and 04-1-M, probably corresponds
to ca. 1800 A.D. The 210Pb date of 1876  19 A.D. for 17.5 cm
in 01CM-1 is in agreement with that of 1877  8 A.D. for 22.5
cm in 04-1-M, for which the earliest 210Pb date is 1832  19
A.D. at 27 cm. It seems likely that a depth of 33 cm in 04-1-M
corresponds to the late 1700s A.D.
From 23 cm (ca. 1800 A.D.) to 12 cm (1928  11 A.D.) in
01CM-1, both Sb and Pb concentrations and the correspond-
ing mean Sb/Sc (0.87  0.13) and Pb/Sc (93  18) ratios
continued to increase (Fig. 3 and 5). The mean anthropogenic
Sb/Pb ratio of 0.009  0.002, however, was lower than
formerly but the mean 206Pb/207Pb ratio remained the same
at 1.173  0.002. Similarly, from 33 cm (late 1700s A.D.) to
18 cm (1910  8 A.D.) in 04-1-M, Sb and Pb concentrations
increased (Fig. 4) while the corresponding mean Sb/Sc (0.98 
0.24) and Pb/Sc (89  16) ratios, mean anthropogenic Sb/Pb
ratio of 0.011  0.003 (Fig. 7) and mean 206Pb/207Pb ratio of
1.175  0.002 (Fig. 4) were similar to those in 01CM-1. While
these trends are consistent with increasing input of both Sb and
Pb, the lower anthropogenic Sb/Pb ratio is indicative of
relatively greater inputs of Pb, including, as further suggested
by the speciﬁc value of the observed 206Pb/207Pb ratio, con-
tributions from indigenous Pb ore sources (e.g. at Leadhills
and Wanlockhead), which have lower Sb/Pb (0.0056) and
206Pb/207Pb (1.170) ratios than those of coal (0.0036; 1.181).
The mining and smelting of indigenous Pb ores, however,
which for Leadhills and Wanlockhead was greatest from
1850 to 1920 until closure in the 1930s,52 went into general
decline in the UK after the 19th century.53,54
Over the time periods 1928  11 A.D. to 1969  8 A.D. in
01CM-1 (12 to 5 cm) and 1910  8 A.D. to 1968  2 A.D. in
04-1-M (18 to 12 cm), the main features for the two cores were
similar: maximum concentrations in Sb and Pb (at 1948  10;
1955  3 A.D.), maximum Sb/Sc ratios (4.89; 2.54), elevated
Pb/Sc ratios (reaching 288; 125), increased mean anthropo-
genic Sb/Pb ratios (0.014  0.003; 0.020  0.001), and decreas-
ing 206Pb/207Pb ratios (to 1.145 at 1967  9 A.D.; 1.158 for
1943  4 to 1968  2 A.D.) (Fig. 3, 4, 5, 7). The increasing
inﬂuence of imported Australian Pb (206Pb/207Pb ratio = 1.04),
used along with Pb from other sources in the manufacture of
alkylPb additives for petrol from the 1930s and then emitted to
the atmosphere as inorganic Pb compounds in vehicle exhaust
emissions, can be seen in the decline in 206Pb/207Pb ratios. The
intermediate values observed for 206Pb/207Pb ratios, however,
indicate that there were signiﬁcant contributions from other
sources of Pb, such as coal combustion. Farmer et al.9,34 have
previously demonstrated how varying emission contributions
from coal combustion (206Pb/207Pb = 1.181) and the mining,
smelting and subsequent use of indigenous (1.170) and Aus-
tralian (1.04) Pb could give rise to the observed trends in
atmospheric 206Pb/207Pb during the 20th century. Consump-
tion of coal in the UK peaked in ca. 1950–1960 A.D. and was
always greater than 150 Mt y1 from ca. 1900 to 1970 A.D.34
For 1930 in Scotland,34 the calculated estimated contributions
to anthropogenic Pb in the atmosphere from Scottish coal
Fig. 6 Plot of 208Pb/206Pb versus 206Pb/207Pb ratios for samples from
210 B.C. to 220 A.D. in Flanders Moss core 01CM-1 and for galena in
various British and Spanish Pb ores.
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(46%), Pb smelting in Scotland (35%) and sources in the rest of
the UK (19%, with a directly measured 206Pb/207Pb ratio55 of
1.145) gave rise to a calculated 206Pb/207Pb ratio of 1.170, the
same as that observed in both Flanders Moss peat cores here
(Fig. 3 and 4). Using these percentage contributions and the
measured Sb/Pb values for coal (0.036) and the indigenous Pb
ore (0.0056), along with an estimated value for the rest of the
UK of 0.026 (based on a 2 : 1 ratio for coal : smelter Pb
emissions, cf. Table 4 in Farmer et al.34), yields an estimated
anthropogenic Sb/Pb ratio of 0.023, which is close to the
maximum values of 0.018 and 0.020 observed in 01CM-1 and
04-1-M, respectively. This is further conﬁrmation of the inﬂu-
ence of coal combustion on Sb emissions during the ﬁrst
70 years of the 20th century.
From the late 1960s to the early 1980s A.D. (i.e. from 5 to 3
cm and 12 to 9 cm in 01CM-1 and 04-1-M, respectively), both
Sb and Pb concentrations and the corresponding Sb/Sc (1.67 
0.32; 1.15) and Pb/Sc (142  25) ratios, with the exception of
Pb/Sc (179) for 04-1-M, decreased (Fig. 3, 4, 5, 7). The
corresponding mean anthropogenic Sb/Pb ratios also de-
creased (to 0.012  0.001; 0.008) quite markedly (Fig. 5 and
7), as did the 206Pb/207Pb ratios (to 1.134) (Fig. 3 and 4),
indicative of the decreasing inﬂuence of coal combustion and
the increasing inﬂuence of vehicle exhaust emissions of Pb.
From 1982 to 1990 A.D. (i.e. 9 to 6 cm) in 04-1-M, Sb and
Pb concentrations continued to fall (Fig. 4) while the Sb/Sc
ratio increased to 2.23 and the Pb/Sc ratio, at 184, was similar
to the previous value of 179 (Fig. 7). The anthropogenic Sb/Pb
ratio of 0.012 (Fig. 7), however, was higher, while the
206Pb/207Pb ratio attained its minimum value of 1.130 (Fig.
4). This evidence suggests a new source of Sb during the period
of maximum inﬂuence of petrol Pb on the 206Pb/207Pb ratio.
Although UK Pb emissions from car exhausts are known to
have fallen, in response to reductions in the maximum per-
mitted concentration of Pb in petrol, from ca. 8500 t y1 in the
early 1970s A.D. to ca. 7000 t y1 by the early 1980s A.D., the
ﬁnal reduction to 0.15 g l1 and the introduction of unleaded
petrol produced a sharp fall to ca. 2900 t in 1986 A.D. and ca.
2200 t by 1990 A.D.26 In 01CM-1, dates for the three sections
from 0-3 cm were not available due to the loss of material from
the top of this core and a sister Cuttle and Malcolm core
collected in 2001.20 Nevertheless, the results for 01CM-1 were
in broad agreement with those of 01-4-M, viz. decreasing Sb
and Pb concentrations, increasing Sb/Sc (2.18  0.71) and Pb/
Sc (269  25), an anthropogenic Sb/Pb ratio of 0.008  0.003
and a minimum mean 206Pb/207Pb value of 1.134  0.001
(Fig. 3 and 5).
The suggestion of new recent sources of Sb while inputs of
Pb have been declining is strengthened by the data for the top 6
cm (1990–2004 A.D.) of 01-4-M (Fig. 4 and 7): (i) Sb concen-
trations and Sb/Sc ratios (2.35  0.04) levelling out while Pb
concentrations and Pb/Sc ratios (81  14) decline, (ii) a
signiﬁcant increase in the corresponding mean anthropogenic
Sb/Pb ratio to 0.030  0.006, and (iii) an increase in the
206Pb/207Pb ratio to 1.139  0.002. Thus while Pb emissions
from car exhausts fell steeply, for example to 800 t by 1997
A.D.,26 as the use of unleaded petrol became increasingly
predominant and then complete with the ban on leaded petrol
from 2000 A.D., the input of Sb from comparatively new
recent sources (i.e. not coal combustion, which has been
declining) has probably contributed to the increase in the Sb/
Pb ratio. Such recent sources could include the release of Sb
from automotive brake linings, where it has been used instead
of asbestos to improve heat resistance, and from the degrada-
tion or combustion of a variety of other products, including
plastics, to which it is added (in the form of Sb2O3) as a ﬂame
retardant.25
Historical trends in depositional ﬂuxes and inventories of Sb
and Pb
The calculated inferred atmospheric depositional ﬂuxes of
anthropogenic Sb and Pb since the mid-19th century are
plotted, along with the anthropogenic Sb/Pb ratios and the
measured 206Pb/207Pb ratios, versus 210Pb-derived calendar
dates for 04-1-M in Fig. 8. The maxima of B0.42 and B21
mg m2 y1 for the anthropogenic Sb and Pb ﬂuxes from the
mid-1920s to the mid-1950s are evident. The inﬂuence of
contributions from coal combustion emissions explains both
the enhancement in the associated anthropogenic Sb/Pb ratio
over the late 19th century to B0.20 at that time and, to a
certain extent, the limitation of the post-19th century decline in
206Pb/207Pb that stemmed from the introduction and use of
Australian Pb in alkylPb additives in petrol. MacKenzie et al.7
have reported peaks in depositional ﬂuxes of Sb and Pb at ca.
1940 A.D. in a peat core from South Drumboy Hill, approxi-
mately 18 km southwest of Glasgow although, interestingly,
the magnitudes of the maximum ﬂuxes there were greater, at
B1.5 mg m2 y1 and B50 mg m2 y1, respectively. This
could reﬂect geographical factors related to the proximity to
industry etc., but it should also be borne in mind, however, that
signiﬁcant variations in apparent depositional ﬂuxes can be
found in the analysis of cores from even the same bog as a
consequence of topographical and plant compositional fea-
tures that aﬀect the eﬃciency of particle trapping and reten-
tion.4,16 Indeed, we have previously observed a range of
calculated maximum Pb depositional ﬂuxes from 20–60 mg
m2 y1 for Flanders Moss.19,20 Further to the northwest in
Scotland, at the remote rural Loch Laxford peat bog, Shotyk
et al.24,25 found that maximum, albeit much lower, anthropo-
genic Sb and Pb concentrations of 0.8 mg kg1 and 27 mg
kg1, respectively, occurred during the same time period at
ca. 1930 A.D.
After 1960 A.D., the rapid decline in coal combustion
emissions at the same time as the increase in vehicle exhaust
emissions is reﬂected in not only the fall in the 206Pb/207Pb ratio
Fig. 7 Proﬁles of Sb/Sc, Pb/Sc and anthropogenic Sb/Pb ratios in the 210Pb-dated Flanders Moss core 04-1-M.
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but also in the steeper decline in anthropogenic Sb ﬂuxes (to
B0.1 mg m2 y1) relative to those of Pb, with a concomitant
decline in the corresponding Sb/Pb ratio to its minimum value
of 0.008 in the mid-1970s A.D. (Fig. 8). Thereafter, the Sb
ﬂuxes stayed relatively constant while those of Pb, due to the
phasing out of leaded petrol, continued to fall. The 206Pb/207Pb
ratio, after reaching a minimum in the mid-1980s A.D.,
increased to the present because of the increasing relative
importance of other sources of Pb (e.g. waste incineration)
relative to petrol. The increase in the anthropogenic Sb/Pb
ratio, however, probably began slightly earlier, in the mid-
1970s A.D., increasing to 0.034 by the early 2000s A.D.
The corresponding values of anthropogenic Sb/Pb ratios and
measured 206Pb/207Pb ratios for core 01CM-1 (210Pb-dated by
extrapolation from sister core 01CM-2, but only up to the
1970s A.D.) are generally in good agreement with those for 04-
1-M (Fig. 9). Likewise there is broad agreement with values
obtained independently for preserved herbarium and freshly
collected Sphagnum moss samples of known age collected
across Scotland.9,56 The mean anthropogenic Sb/Pb ratios
for the moss samples over various time periods from the
mid-19th century were 0.010  0.005 for 1855–1904 A.D.
(n = 9), 0.028  0.013 for 1909–1969 A.D. (n = 16), 0.028
 0.019 for 1970–1988 A.D. (n = 10) and 0.107  0.065 for
1991–2000 A.D. (n= 11),56 i.e. there was a near 3-fold increase
from the lower values of the second half of the 19th century for
most of the 20th century and then, in the ﬁnal decade of the
20th century, a 10-fold increase, somewhat greater than that
observed in the peat cores. Interestingly, a freshly collected
Sphagnum moss sample at Wanlockhead in 2000 A.D. had an
anthropogenic Sb/Pb ratio of 0.0023, in accord with the much
lower Sb/Pb ratios observed in former Pb mining/smelting
areas.
The total anthropogenic Sb and Pb inventories for core 04-1-
M (i.e. from the late 1700s to 2004 A.D.) were 0.035 g m2 and
2.10 g m2, respectively, of which 3.1% and 1.7% were
deposited post-1990 A.D., 7.5% and 13.2% from 1968 to
1990 A.D., 70.2% and 58.3% from 1910 to 1968 A.D., and
19.2% and 26.7% pre-1910 A.D. For the 01CM-1 core, the
total anthropogenic Sb and Pb inventories (i.e. from ca. 500
B.C. to ca. mid-1980s, given that the very top of the core was
lost during collection) were 0.051 g m2 and 3.77 g m2,
respectively, of which 0.0485 g m2 and 3.59 g m2 were
deposited post-1800 A.D. Of the post-1800 inventories of
anthropogenic Sb and Pb, 10.4% and 12.9% were deposited
from 1969 A.D. to the mid-1980s, 83.6% and 78.4% from 1907
to 1969 A.D., and 6.0% and 8.7% pre-1907 A.D. Compared
with the data for 04-1-M, the higher percentages for the ca.
1910–1970 A.D. period in 01CM-1 may partially be attribu-
table to the loss of surface material from the latter and the
inclusion of late 1700s data for the former. It should be
remembered, however, that the 210Pb dating for 01CM-1 is
Fig. 8 Calculated atmospheric depositional ﬂuxes of anthropogenic
Sb and Pb, and the anthropogenic Sb/Pb and measured 206Pb/207Pb
ratios for the Flanders Moss core 04-1-M versus 210Pb-derived dates
since 1840 A.D.
Fig. 9 Anthropogenic Sb/Pb and measured 206Pb/207Pb ratios versus
210Pb-derived dates since 1840 for Flanders Moss cores 04-1-M (open
symbols) and 01CM-1 (shaded symbols).
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extrapolated from that of a sister core 01CM-2 and this, with
its associated uncertainty, may contribute to some diﬀerences
in the vertical (temporal) distribution (%) of anthropogenic
elemental inventories between the two cores.
For 01CM-1, the pre-1800 A.D. inventories of 0.0023 g Sb
m2 and 0.17 g Pb m2 constitute just 4.6% of the total
anthropogenic Sb and Pb inventories for the core. For the
period embracing the Sb peak (86–96 cm) corresponding to
210/40 B.C. to 20/220 A.D. in pre-Roman/Roman times, the
anthropogenic Sb and Pb inventories were 0.000 22 g m2 and
0.019 g m2, respectively. If the mid-points of the 14C-derived
dates are taken (i.e. 125 B.C. to 120 A.D.), the corresponding
average depositional ﬂuxes over this period would be 0.9 mg Sb
m2 y1 and 0.078 mg Pb m2 y1. These correspond to only
B0.2% and B0.4% of the maximum ﬂuxes of anthropogenic
Sb and Pb during the 20th century but are B2.6 and B7.8
times those estimated by Shotyk et al.24 to be the natural
background rate of deposition of Sb and Pb for Switzerland.
Over the entirety of the Pb peak in the 01CM-1 core at that
time (i.e. 71–102 cm), the anthropogenic Sb and Pb inventories
were 0.000 29 g m2 and 0.045 g m2.
The extent of maximum enrichment of Sb and Pb relative to
‘‘natural background’’ can be calculated, using measured Sb/Sc
and Pb/Sc ratios and corresponding values for the Upper
Continental Crust, via the following expressions:
Sb EF = ([Sb]/[Sc])MAX/([Sb]/[Sc])UCC and
Pb EF = ([Pb]/[Sc])MAX/([Pb]/[Sc])UCC
For 04-1-M and 01CM-01, the maximum enrichments of Sb
are 58 (1926  6 A.D.) and 111 (1960  9 A.D.), while those of
Pb are 76 (1986  2 A.D.) and 123 (1980s A.D.), respectively.
If, instead of using Upper Continental Crust Sb/Sc and Pb/Sc
ratios, those of Shotyk et al.24 for Swiss natural background
peat, i.e. [Sb]/[Sc] = 0.105 and [Pb]/[Sc] = 3.0, are used, the
corresponding values for maximum enrichments of Sb are 24
and 47 and of Pb are 61 and 99, respectively. Notwithstanding
the uncertainties inherent in calculating enrichments in this
manner,43 it thus appears that Sb and Pb exhibit similar
degrees of enrichment. Shotyk et al.24 found maximum enrich-
ments of 30 and 40 for Sb and Pb, respectively, at Loch
Laxford in northwest Scotland, and 30–80 (Sb) and 100–125
(Pb) for four of their ﬁve Swiss peat cores.
Conclusions
The general agreement in the major trends in the concentration
proﬁles of Sb and Pb over the past 2500 years in dated cores
from Flanders Moss ombrotrophic peat bog suggests common
sources of these two elements and supports the view that Sb,
like Pb, is immobile in peat. The derived atmospheric deposi-
tion ﬂuxes of anthropogenic Sb and Pb were greatest in the
industrial era, peaking during 1920–1960 A.D. Perturbations
in the anthropogenic Sb/Pb ratio since 1800 are attributable to
temporal variations in the relative importance of atmospheric
emissions from diﬀerent sources such as Pb ore mining and
smelting, coal combustion and, in recent decades, automobile-
related use of compounds of Pb (in leaded petrol) and of Sb (in
brake linings). In the Roman/pre-Roman period, some two
millennia ago, the mining and smelting of British Pb ores
appears to have been responsible for the small, but clearly
discernible, peaks in Sb and Pb concentration in the Flanders
Moss peat core. Overall, the 50- to 100-fold maximum en-
hancement of both Sb and Pb in the atmosphere during the
20th century, when compared with ancient natural levels,
suggests that the toxicological threat from Sb may well have
been underestimated in the past and warrants further study,
especially in the light of continuing input of Sb from newer
sources such as waste incineration of plastics.
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